We analyzed the flow velocity pattern in the main pulmonary artery after Fontan operation in patients with tricuspid atresia (n = 10) or with single ventricle (n = 10) by means of a catheter-mounted velocity probe. The area underneath the velocity signal of the forward flow was integrated, and ratios of the portions during atrial systole and during the diastolic phase to the total area (Fa and Fd) were calculated. The Fa was 0.54 + 0.09 in patients with tricuspid atresia and 0.45 + 0.05 in those with single ventricle (p < .01). Cardiac output, obtained by the thermodilution method, was 2.45 ± 0.48 liters/min/m2 in patients with tricuspid atresia and 2.75 ± 0.72 liters/min/m2 in those with single ventricle. The forward flow during atrial contraction, calculated by multiplying Fa by cardiac output, was 1.32 + 0.35 liters/min/m2 in patients with tricuspid atresia and 1.23 ± 0.33 liters/min/m2 in those with single ventricle. The diastolic forward flow, calculated from Fd and cardiac output, was 0.99 ± 0.25 liter/min/m2 in patients with tricuspid atresia and 1.52 ± 0.45 liters/min/m2 in those with single ventricle (p < 0.005). The sum of cross-sectional areas of the right and left pulmonary arteries normalized by body surface area (PA index) was 282 ± 85 cm2/m2 in patients with tricuspid atresia and 462 ± 65 cm2/m2 in those with single ventricle (p < .005). The Fa was inversely correlated with the PA index in the whole group (r = -.69) and also in the tricuspid atresia group alone (r = -.87). Postoperative right atrial and pulmonary arterial pressures were 16 ± 3 and 16 ± 4 mm Hg in patients with tricuspid atresia and 15 ± 3 and 13 ± 3 mm Hg in those with single ventricle. Right atrial maximum volume, determined angiographically, was 169 ± 87% of normal in patients with tricuspid atresia and 105 ± 32% of normal in those with single ventricle (p < .01), but the ejection fraction was similar in the two groups (0. 30 ± 0.08 vs 0.29 ± 0.06). The data indicate that the relative role of right atrial contraction may become more important in patients with a smaller PA index, right atrial output is constant regardless of the PA index or the type of anomalies, and the amount of diastolic forward flow is influenced by the PA index. Thus the preoperative PA index is an important determinant of postoperative hemodynamics. Circulation 75, No. 6, 111775, No. 6, -112375, No. 6, , 1987 SEVERAL INVESTIGATORS have demonstrated a flow velocity pattern in the right heart in resting patients who have undergone the Fontan operation.`3 In the main pulmonary artery, two peaks of forward flow were recorded; one was during right atrial contraction and the other during the diastolic phase. These findings were analyzed qualitatively, but it has yet to be clarified whether there are any factors that quantitatively determine the forward flow of the right heart.
We have observed that patients with a large pulmonary artery do better after the Fontan procedure than those with a small pulmonary artery, when the other criteria for the procedure are similar. Likewise, patients with tricuspid atresia do better than those with single ventricle after the operation. One would expect that these differences influence the postoperative hemodynamics. Of the different variables, we focused our attention on blood flow in the pulmonary artery in the present study. For that purpose, we quantitatively analyzed the blood flow in the main pulmonary artery in resting patients with tricuspid atresia and single ventricle after the Fontan operation by means of a cathetermounted velocity probe. We related the blood flow especially to the type of cardiac anomaly and the sum of cross-sectional areas of the right and left pulmonary arteries (PA index).4
Subjects and methods
Our current criteria for the Fontan operation are essentially the same as proposed by Fontan's group,5 but we also consider the PA index. Patients with mild systemic atrioventricular valve regurgitation, which we repair by annuloplasty or valvuloplasty, were also included.
We studied 20 patients for whom satisfactory data were obtained on routine cardiac catheterization after the Fontan procedure. The group with tricuspid atresia (n = 10) comprised five patients with type lb, three with type lIb, one with type II1a, and one with type Ic, according to the classification of Keith et al. 6 Six patients with decreased pulmonary blood flow had undergone Blalock-Taussig anastomosis. The patient with type Ic tricuspid atresia had undergone pulmonary artery banding. The group with single ventricle (n = 10) comprised six patients with left ventricular type, three with right ventricular type, and one with type C single ventricle, according to the classification of Van Praagh et al. 7 One (patient 9 of the single ventricle group) had an association with anomalous pulmonary venous return. There was no stenosis to the right-sided atrioventricular valve in any of the patients with single ventricle. Five of them had had a Blalock-Taussig anastomosis (table 1) . Four patients with tricuspid atresia (Nos. 2, 3, 4, and 5 in the tricuspid atresia group) and one with single ventricle (patient 1 in the single ventricle group) had been included in the previous study (Nos. 1, 4, 2, and 6 for tricuspid atresia and No. 5 for single ventricle, respectively). The other two patients (Nos. 3 and 7) of our previous study were excluded because the data were not adequate for a quantitative analysis.
The mean age at operation was 9.3 + 4.5 years (+ SD) in the tricuspid atresia group and 9.6 -+-3.3 years in the single ventricle group. The operative procedures were direct right atrial-topulmonary arterial anastomosis with or without pericardial augmentation in 17 patients, direct right atrial-to-right ventricular anastomosis in two, and right atrial-to-pulmonary arterial anastomosis with a graft in one. We did not use a valve in any patient. In those with single ventricle, the atrioventricular valve of the systemic venous atrium was closed in three and partitioning of the atrium was done in the remaining patients. Their PA index (sum of cross-sectional area of the right and left pulmonary arteries just proximal to the first branches normalized by body surface area4) was 282 + 85 cm2/m2 in the tricuspid atresia group and 462 + 65 cm2/m2 in the single ventricle group (p < .005). Right atrial pressure before operation was 17 + 3 mm Hg in patients with tricuspid atresia, which was significantly higher than that (13 + 4 mm Hg) in patients with single ventricle (p < .05). Pulmonary arterial pressure was similar in both groups (table 1) .
A postoperative study was done 1 to 4 months after surgery in 18 patients and 1.5 and 4 years after surgery in one patient each. At the time of this study, there was no ongoing problem such as ascites, pleural effusion, or severely low cardiac output requir- ing catecholamine support. No patient had persistent arrhythmias. One with tricuspid atresia (No. 6 in the tricuspid atresia group) had a residual mitral regurgitation of Sellor class I. Right heart pressures were obtained by a fluid-filled catheter system and cardiac output was measured by the thermodilution method. A catheter-mounted velocity probe (Millar, VPC-663A) was then introduced into the main pulmonary artery to record the blood flow velocity. This was followed by biplane cineangiography with injection of contrast medium into the right atrium. Right atrial and main ventricular volumes were calculated by an area-length method for the right atrium and the anatomic left ventricle, or by Simpson's rule for the anatomic right ventricle, as reported by Graham et al. [8] [9] [10] The maximum right atrial volume and main ventricular end-diastolic volume were expressed as a percentage of normal values reported previously. 8' 11 Ejection fractions of these chambers were computed from the maximum or end-diastolic volumes and the minimum or end-systolic volumes.
The area under the forward flow of the velocity signal in the main pulmonary artery was integrated, and the ratios of the area of atrial systole (A wave) and of the area during diastole (D wave) to the total area (Fa and Fd) were calculated (figure 1). This calculation was done during three to five consecutive cardiac cycles.
The values were expressed as mean + SD and were analyzed by Student's t test when the data of the two groups were compared and by linear regression when interrelations of two variables were tested; p < .05 was considered significant.
Results
The Fa was 0.54 ± 0.09 in the tricuspid atresia group, which was significantly (p < .01) higher than ECG Velocity at main PA that (0.45 ± 0.05) in the single ventricle group (table  2) . The Fa was inversely correlated with the PA index (figure 2). The two patients with right atrial-to-right ventricular anastomoses were excluded from the analysis because the right ventricular contraction produced a forward flow1 that would strongly affect the contribution of atrial contraction to the pattern of pulmonary flow.
The forward flow during atrial contraction, calculated by multiplying cardiac output by Fa, was 1.32 + 0. 35 liters/min/m2 in the tricuspid atresia group, which was not significantly different from the value (1.23 ± 0.33 liters/min/m2) in the single ventricle group (p > .05). The forward flow during atrial diastole, obtained from cardiac output and Fd, was larger in the single ventricle group (1.52 + 0.45 liters/min/m2) than in the tricuspid atresia group (0.99 ± 0.25 liter/min/m2).
There was a weak but significant (p < .025) correlation between diastolic flow and the PA index ( figure  3 ). The diastolic flow in one patient with single ventricle (No. 2) was large when compared with his PA index. This patient had the highest cardiac output and the lowest pulmonary arterial wedge pressure among the subjects.
We excluded four patients from this analysis. These included two patients with tricuspid atresia after a right A wave D wave Fa = Aa/( Aa + Ad) Ad atnal-to-right ventricular anastomosis, which resulted in a different flow dynamic from the others'; one with single ventricle who had had an anomalous pulmonary venous connection, which could cause an erroneously large PA index; and another with single ventricle who had postoperative hypokinesis of the apical portion of the left ventricle of unknown etiology and showed a severely low cardiac output, which would have been a major factor contributing to low forward flow at the pulmonary artery. Ventricular volume characteristics in the two groups were similar (table 2). Among the patients with single ventricle, no significant differences were detected between the right and left ventricular types. The patient with tricuspid atresia who had mild residual mitral regurgitation showed the largest ventricular end-diastolic volume among the subjects (figure 4).
Right atrial maximum volume was larger than normal in the tricuspid atresia group (169 87% of normal) but was normal in the single ventricle group (105 32% of normal). Right atrial ejection fraction was similar in both groups (0.30 + 0.08 in the tricuspid atresia group and 0.29 + 0.06 in the single ventricle group) (table 2) . These variables were not related to the PA index or to cardiac output. Cardiac output was 2.45 0.48 liters/min/m2 in the tricuspid atresia group and 2.75 0.72 liters/minIm2 in the single ventricle group (p > .05). Postoperative mean right atrial and pulmonary arterial pressures were 16 + 3 and 16 + 4 mm Hg in the tricuspid atresia group and 15 + 3 and 13 ± 3 mm Hg in the single ventricle group. There was a significant difference between the mean pulmonary arterial pressures of these two groups. Mean pulmonary arterial wedge pressure was 11 + 4 mm Hg in the tricuspid atresia group and 10 2 mm Hg in the single ventricle group (table 2) . There was no correlation between pulmonary arterial wedge pressure and the flow data. 
Discussion
The functional role of atrial contraction in patients who have undergone the Fontan procedure is still uncertain,11-14 largely because there is no standard method to evaluate atrial function. In the present study, we attempted to evaluate the right atrial pump function by the amount of forward flow during the A wave detected in the main pulmonary artery at rest.
Generally, the amount of flow is calculated from the velocity of flow and a cross-sectional area where the velocity is measured. However, we were not able to apply this formula in our subjects, because the shape of the anastomotic site was not simple and it varied among the subjects. This would have hindered calculation of the cross-sectional area and could possibly cause variation in the velocity in each patient. The method we used was based on the assumption that the cross-sectional area is not largely altered throughout a cardiac cycle. The site where the velocity was measured was the main pulmonary artery, immediately distal to the anastomosis. Jarmakani et al.'`have reported that the diameter of the pulmonary artery changes during a cardiac cycle by 15%. However, in our subjects the velocity of the forward flow was approximately half normal, as can be seen in figure 1 and in the figures in our previous publication,' and stroke volume during the A wave or during the diastolic forward flow (D wave, figure 1) should be much smaller than the normal value. These facts indicate that there is no strong potential in the flow to expand the pulmonary artery. In addition, these regions would be tightly fixed by postoperative adhesion. Thus we tentatively conclude that the change of diameter during a cardiac cycle is minimal. We had expected that the right atrial forward flow would be larger in the tricuspid atresia group, since preoperative right atrial pressure had been higher; thus, the right atrial wall should have been thicker (more hypertrophied) than in the single ventricle group. Indeed, the fraction of atrial systolic output to the total forward flow (Fa) was larger in the tricuspid atresia group, but the atrial systolic output itself was constant, regardless of the type of anomalies. This might be explained as follows: a relatively small pulmonary vascular capacity in the tricuspid atresia group, as indicated by the PA index, acted as a higher afterload to the hypertrophied right atrium, whereas in the single ventricle group, where the PA index was larger, the less hypertrophied atrium ejected against a lower afterload. As a result, the atrial systolic output became similar in the two groups. One might speculate that patients with tricuspid atresia could have a higher Fa than those with single ventricle for the same PA index, when patients with tricuspid atresia had higher preoperative atrial pressure. This speculation may be partly supported by the few data points with PA index around 300 in figure 2, although this is not conclusive. The role of atrial pump function was also demonstrated by the volume data. The maximum right atrial volume was enlarged in the tricuspid atresia group and normal in the single ventricle group, in the presence of a similar ejection fraction. This indicated that the atrial systolic stroke volume was larger in the former than in the latter group. Considering this together with the flow data, it is clear that the regurgitation to the venae cavae was larger in the patients with tricuspid atresia than in those with single ventricle. This regurgitation could augment the "damming up effect,"'1 and thus might contribute to the subsequent diastolic forward flow.
The enlarged right atrium with hypertrophied muscle may be advantageous in maintaining the forward flow against the relatively high afterload. We believe that the enlargement was not a result of the hemodynamic changes but was rather an important factor in the survival of those patients who had a relatively small PA index.
The diastolic forward flow was highly dependent on the PA index. This fact is well understood because the diastolic forward flow is passive and determined largely by the physical condition of the pulmonary circulation and systemic venous system in patients with normal systemic ventricular function.
These results indicate that the role of atrial contraction may become more important as the PA index becomes smaller, since the diastolic forward flow may not be sufficient in patients with a critically small PA index.
From these results, it appears that the patients had been well selected for surgery by our empirical criteria LV RV SV for the PA index, i.e., PA index above 250 in patients with tricuspid atresia and over 300 to 350 in those with single ventricle. The present data indicate that, with these criteria, patients are able to maintain relatively good postoperative cardiac output, which is also a basic requirement for survival through surgery.
In selecting patients for Fontan operation, we believe that one of the most important criteria is the condition of the pulmonary circulation. There is no doubt that the pressure and resistance are basic requirements. However, we have found that the hemodynamic condition after this operation is not necessarily optimal in patients with normal pulmonary arterial pressure and pulmonary vascular resistance below 4 units/M2 but with small arteries. It is often difficult to simply predict the postoperative pulmonary hemodynamics from the preoperative data in patients with decreased pulmonary blood flow. This will not be the major problem when the ventricle is connected to the pulmonary artery, as in the case of tetralogy, since the ventricle could overcome the unexpectedly elevated pulmonary resistance after normalizing the blood flow. However, with the Fontan operation, this will be the major difficulty, since there is no pumping chamber strong enough to overcome the high resistance. Therefore we included the PA index as a variable to evaluate the capacity of pulmonary circulation.
Recently, Alboliras et al.'4 have reported that the
Fontan procedure can be carried out in patients who are not in sinus rhythm preoperatively, but they have not clarified which patient really does or does not require atrioventricular synchrony. Our data may suggest that sinus rhythm can be excluded from the criteria for Fontan procedure only in patients with a large PA index, in whom right heart output would be less dependent on the atrial contraction.
As shown in figures 2 and 3, the dynamics of pulmonry arterial blood flow is influenced largely by PA index but also by other factors, such as the ventricular function, the incorporation of the ventricular portion, and associated anomalies. The low ventricular filling pressure, which is one of the indications of normal ventricular function, is advantageous as indicated by the patient who had the largest cardiac output in the presence of the lowest pulmonary arterial wedge pressure among the subjects. The two patients with single ventricle who had markedly low cardiac output or impaired left ventricular function postoperatively (Nos. 9 and 10) had a pulmonary diastolic forward flow that was low compared with their PA index. This was obviously a result of the low output, and these two were excluded from the analysis illustrated in figure 3 . However, it was interesting that the fractions of the atrial systolic and diastolic flow in these patients were the function of PA index, indicating that the flow pattern, but not the absolute flow, was strongly determined by PA index.
In the two patients with right atrial-to-right ventricular anastomoses, the fraction of ventricular output to the total forward flow was 0.28 (patient 3, tricuspid atresia group) and 0.32 (patient 9, tricuspid atresia group). We believe that this was especially crucial in the former patient because his PA index was 188. However, there were too few patients for us to draw any general conclusion on the role of ventricular contraction.
Although we have emphasized the significance of PA index in these subjects, it is obvious that this is not the single and most important determinant of postoperative status. As discussed very briefly, of basic importance are both pre-and postoperative ventricular function, pulmonary arterial pressure, pulmonary vascular resistance, presence of arrhythmias with its effect on ventricular pump function, and association of systemic atrioventricular valve regurgitation. The significance of each factor will differ among patients.
